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Calculation of the Energy of Elastic
Deformation of Keviar Backing Plates

for Ceramic Armours

1. Introduction

Light weight ceramic composite armiou-rs tNypiCally comprise a ceramic front
plate bonded to a duIctile backing plate as shown in Figure 1. The purpose of
the ceramnic is to erode and break uIP anl impacting projectile while the role of
the backing plate is tw',ofold: it adds stiffness to the ceramnic to delay the onset
of tensile fracture in the ceramnic, and undergoes deformation to absorb somne of
the kinetic energy of the impacting projectile. The emphasis on either of thewe
latter miechanismns will shift depending onl the material chosen for the backing
Plate.

PROJECTIL E DIRECTION
OF TRAVEL
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WE AVE
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AT EIVE FRNPLT

RACEING ________________________
P LA TE

Figure 1: Schemnatic rt'prt'scifation of light zte'lght ceramic arinnur.



Earlier work [I] has identified the mechanisms of energy dissipation which
operate during ballistic impact on an aluminium backed ceramic armour. The
proportion of the projectile's initial kinetic energy dissipated through each of
the identified mechanisms, including bending and stretching of the aluminium
back-plate, was al-o determined [1]. The aim of the present work is to
determine the amount of energy which is dissipated through bending and
stretching of Kevlar plates when used to back ceramic armnour. Kevlar wa:.
chosen as it is often used in light weight armours because it coinbine.- light
weight with high stiffness and good ballistic resistance.

2. Experimental

Impact tests were conducted on ceramic armour targets comprising alumina
(97.5'!. A1,0 3 ) front plates and Kevlar backing plates which in turn consisted of
a plain woven 223 g,1in2 Kevlar 49 fabric bonded with appro\imately 20".. by
weight of an ethylene vinyl acetate thermoplastic copolymer. Table I listS
details of target component thicknesses and areal densities. Conical nosed
0.3 calibre projectiles of hardened steel weighing 5.6 grams and launche'd with
the aid of a sabot at velocities Ip to 800 i/s from a 1/2 inch gas gUln (designed
at the US Arm\ Materials Technology Laboratory 12]) were used for these tests.

A computer controlled Cranz-Schardin spark camera with a ma\imum frame
speed of 10'/S was used to photographically record impact events.

A-\hi11n1m tionllteM Kt-vl hr 1bak [pate lo~tal .\rk"1]
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11111/I (kg [W/I m ) (kg n (k- 4 m-

2C2 7" 115
31) 3 11 2 4.1 4 I6..t

3. Experimental Results

Several tests were conducted for each arnour configuration in order to
determine the velocity at which the projectile was just able to penetrate each
armour configuration. Figures 2 and 3 are shadowgraphs of targets 2C and 3D
respectively during impact recorded with the Cranz-Schardin camera. These
figures show a side view of the targets just prior to perforation at near limit

velocity (the velocity at which the projectile is just able to penetrate the
armour) The contour of the rear surface of the backplate is evident in each
figure. The considerable streaking evident In these figures is caused by light
emitted from fragments as they are ejected from the impact site.
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Figure 23: Sha~dow gra7ph Shu liig a side view of target 2D just prior to perforatiy by a1li
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The grid lines onl Figures 2 and 3 have a one inch spacing and enable the rear
profiles of these two KeVlair backing plates to be compared in Figure 4.

Following impact the backing plates return alMOSt to their original planar
geometry aILLugh considerable amounIItS of fibre she.a ring, fibre I)pullt 11d
delmina.tionl accompanies perforation 131.
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where p7 is the load at the centre, D is the flexural rigidity of the membrane, (X is
the membrane radius and r is the radial coordinate varying from () at the
membrane centre to (x at the membrane boundary. The surface predicted by
equation (1) is plotted in Figure 4 and represents a good approximation to the
experimental deflections replotted from Figures 2 and 3. This, along with the
return to a planar geomletry at large times, Suggests that the Kevlar backing
plates behave tin an approx inmately elastic manner during impact.

Thle velocity of the imlpacting projectile wvas determined byv electronically
recording the duration between interrupts of two laser beamis directed across

the projectile path and having a known separation. The kinetic energies of thet



respective projectiles just prior to impact was 0.9 kJ for target 2C and 3.6 kJ for
target 3D.

4. Theoretical Predictions

Here we will consider a circular elastic membrane loaded at the centre and
clamped at its edge. The expression for the amount of energy required to
cause the deflections shown in Figure 4 will be developed. Such an expression

can be determined from consideration of either the work done by the stresses
imposed on the plate or through the strain energy associated with the action of
the bending moments on the plate. Whilst the latter approach will be followed
here, the interested reader is referred to Appendix I where an identical

equation is derived] from tile former approach.
Figure ;a shows a cross-section in the A- plane through a bent plate. If the

plate surface in the : direction is described by u,(x, y) then the curvature of the
surface in the xz and -i: planes can be represented by - d 2 w/ ). 2 and - "-/0wY
respectively. The work done by the uniformly distributed moments M,1 and
M acting within the xz and Yzt planes respectivel' on an element of the plate,
dt(dz (as shown in Fig. 5b), during bending is one half the product Of the
moment and the angle through which the surface is deflected. The angle of

detlect ion catlseJ bV the moment Al, Ji/ is therefore

and the work done ithl l thi., plate elenent is

andI si imIl

'Ind
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A1 h --3-E -alun (6)

12 1 - N,, v,, ) O,

'Ind

= 12 Ox ON

We can now. su~bstitute eq.Uations (6) into (2) and integrate to obtain in

e\pression for the total strain energy of bending. For a .%ove-~ omposite
material of several layers we'L can assume a good degree of is'otropy eXists arid
wec can mnake thle approximaItion I-= F\, F, and N. ',~ ~, Applying this
aip prIoxi Mtio a011nd in)troduJCingL 1) =111-,/ (1 - \.2 as thle flex\ural rigiditY Of the

membraneC We have L

NVIhere we, ha,1e utili/ed the relationship G E (2(l N,)). For a inenibrane,
thaIt IS clam)ped arounld its edge the second term in the squLare bralckoeLi

e~1atiii ,) aiisl1> ad We are left with

I I - I _ ' d Idj

k(V in) polar1 CiOrd1I1,teS [41

D Yn I jw ijd
i- rr O rd

lIn the prev ioLu s-ction1 weC determIIined~ that the' deflct1in( ot hc Kevlhr hackI
plate can) be IpprON1IIIted by e\ ato L'11111 . From this vequa' ii weL 'ee 1)ht

mxmmplate dlction01, w',, OCiirs tor r t0 and we 1,V

Rewvriting equaLtion (1) we have

-i~ (a 1 1116r (1 /a)

D iffercititng and subs) titulting into elILI.Itiion (8) weO get
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D 1*j 14.4 , 8 4In (r/a), 1-dr dO

Completing the square 11nd inltegraJ-ting by parts, gives,

7 D11 318 6 Ili',/a i-Iii uct .! , r 1  1,( a 2U7 4

5. Calculation of Energy of Deformation

I e iua1MMll urJelctI~on, uC, for both targets 2C and 3F) can be determined
from Figure 4 and are ippromimatek, 5; mml and 8 mil respectively and the
rad j u', Of pItedeft rma ton, u, 30 mm11 an1d 40) mim respectively.

I hC tie'uTra] rigid itv. 1), i-s de'pendent onl both plate miodulus and thickness
a11d 'l 1I1i , I "I (A, . 'Ind v' - , i. lvi,w ae, for target 2C with

trc ith 4, 11

Ilie, totall cnergi oI dotorm11,ition is then1 ien by1 eq nV ion.,101 (9) an1d is 27o I
tget 2t, adP 1.9kfotagt1. eSC values repreLsenlt 111 ad
r("'pet tl\ C, tit tht mwiiit ial kinetic enrioyp of the impcting projectilvs.

V( t hkc e Va0Iiea list' ltCOLIIt for the potenltial enet-rgy' in the backing they do
not inIcude thet energy ' dissipated thrloulgh shea ring, delammna tion, or Other local
deforma1,tion l hnns Ne-verthle1ss, these valles for the strain energy
Willpaire %Vell withI the 20) to ;W,, calclea ted for the bending and stretching ot anl

alumniuM111 b1A plate from previous work 111.

6. Conclusions

[ he total strain energy of thlt Kevlar backing plate for a light weight ceramic
armour dectorinid through ballistic impact can be approximated from
knowledge (i tilte protie ItOf the' backplate just prior to perforation and assuming

13



the elastic properties in the plane of the plate are approximately isotropic. The
amount of energy dissipated through elastic deformation of a Kevlar backing
plate when impacted at near limit velocity is 0.27 kJ and 1.29 kJ for ceramic
armours comprising a 2 mm thick alumina front plate with 2.7 mm Kevlar back
plate and a 3 mm thick alumina front plate with 4.1 mm Kevlar back plate
respectively.
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Appendix I

Work donc in a1n clastic membrane bv the stress components is given by

(o. c /l co t dV

Where the integration1 is over the membrane volume V. From equaltionl (4) we'

x Ec \~Ec~ E: -c;y dV
v' (t vv) t- V- ) , I V_ ) _ ( V,)

SU[)sti tultill" torI th tr.-in in (5 w e h)av e

It WC 1.1-UMCn 1 1, F, v, V, nd 1V 1dd- then

01 j E 0( 1 j

wVhld h RICIMnth a to equaltion (7) dtu trn-an11d from1 the action of bendint
nornnts,.



List of Symbols Used

-deflection of mernbrane, SUrface

l - oad at mnembrane centre

a -radius of the deflected membrane

r -radial coordinate from membrane centre to ax

D - le\ural rigidity,

Al -bending moment

F -elastic modulus

-shear modulus

V l'oissons ratio

-principle streS'S acting within the membrane

- *IhaT r tress ac-ti Within the Membrane

- piricipyil 'tramipod itOhmn the Inifnibane

t% work doneC within1 the- membrahI-ne

11 membrane thickness

V membrane volume
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